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We have performed a safety assessment of mercury 
and lead as possible hohlraum materials for Inertial 
Fusion Energv (IFE) targets, including for the first time a 
comparative analysis of the radiological and toxicological 
consequences of an accidental release. In order to 
calculate accident doses to the public, we have 
distinguished between accidents at the target fabrication 
facility and accidents at other areas of the power plant. 
Regarding the chemical toxicity assessment, we have used 
the US. DOE regulations to determine the maximum 
allowable release in order to protect the public from 
adverse health effects. Opposite to common beliej it has 
been found that the chemical safety requirements for these 
materials appear to be more stringent than the 
concentrations that would result in an acceptable 
radiological dose. 

I. INTRODUCTION 

Indirect-drive targets for future IFE power plants will 
require a cocktail of high-Z and intermediate-Z materials 
for production of x-rays. The selection of these materials 
must include many different factors such as cost, extraction 
methods, compatibility with structures, and safety and 
environmental (S&E) issues. Although baseline target 
designs have used the same cocktail of gold-gadolinium 
that is used in laboratory experiments [ l ,  21, neither of 
these is particularly attractive from the cost, or coolant 
clean-up perspectives, and a wider range of materials 
should be investigated [3]. The present study focuses on 
the potential use of Hg and/or Pb as high-Z material in IFE 
hohlraums, thus, it must be noted that the discussion about 
potential intermediate-Z materials is out of the scope of 
this work. 

Previous work on IFE target materials has analyzed 
the radiological characteristics of all stable isotopes in 
order to identify those that merit further exploration [4]. 

That work focused on the S&E of the neutron-activated 
materials, using three different criteria: contact dose rate, 
waste disposal rating and accident dose potential. This 
work showed that both Hg and Pb satisfied all three S&E 
criteria. In addition to the radiological results, there are 
other reasons that support Hg and Pb as attractive 
candidates for IFE target materials. First, either material 
will be low cost, contrary to the gold traditionally used in 
laboratory targets. Both materials seem to be appropriate 
for feasible target production (for Hg, fabrication at 
temperatures of less than its fieezing point of -39 "C would 
be required). Also, a recent study of a flibe coolant clean- 
up system demonstrated cost-effective methods for Hg 
removal by distillation and Pb extraction via centrifugation 
[3]. The outcome of that study favored Hg over Pb given 
the simplicity of the distillation process based on the 
material's volatility. 

Even though previous work has been published in the 
radiological safety area [4], the chemical toxicity issues 
from the use of either one of these materials in hohlraum 
fabrication have yet to be addressed. The present work 
focuses on safety analysis of the use of Hg and Pb in IFE 
targets, comparing the radiological and chemical toxicities 
for the first time. It should be noticed that the purpose of 
this paper is to estimate the level of compliance of the 
safety regulations in case of using two particular materials 
for target fabrication for IFE, rather than to quantify actual 
health effects or accident consequences. Therefore, it is 
assumed that meeting the regulatory standards would 
prevent any kind of negative health effects to the public in 
case of an accidental release. 

11. RADIOLOGICAL SAFETY RESULTS 

IFE power plants using indirect-drive targets will need 
to recycle the target materials due to the large quantities 
involved-about 1 ton of material per week. In the present 



work, a radioactive cooling time of 1 week is chosen. A 
study of the effects related to the selection of this cooling 
time (e.g., resource consumption, impurity levels in 
coolants, etc.) was performed by Lowenthal et al. [5]. The 
neutron activation calculations use the neutron spectrum 
calculated for a reference target design [6]. The spectrum 
was calculated with the TART Monte Carlo particle 
transport code [7]. A power plant using this target with a 
repetition rate of 5 Hz would consume -6.6 x lo-* m3 of 
high-Z material per week. Neutron activation calculations 
have been completed with the ACAB98 radionuclide 
generatiorddepletion code [8]. Although ACAB allows one 
to model the pulsed nature (e.g., 5 Hz) of the irradiation, 
calculations have been completed assuming a batch 
process in which the entire, 1-week inventory of material is 
irradiated at once. Thus, simulation of 30 full-power-years 
of operation required 1560 weekly pulses. In order to 
bound the worst-case scenario, we assume that the accident 
occurs at P O  after 30 years of irradiation (we do not 
account for any decay of the material that has been cooling 
down in the fabrication facility for times up to a week). 
Once the activities in units of Bq are known, one can use 
the specific dose in units of SvfBq for each isotope, in 
order to obtain the final accident dose. 

The work by Latkowski et al. on the safety analysis for 
a target fabrication facility [9] showed that both Hg and Pb 
passed the accident dose criteria for the most exposed 
individual at the site boundary. However, the assumptions 
on number of canisters, number of targets in each canister, 
and size of rooms and expansion tanks were arbitrary and 
need to be optimized. Also, those analyses considered 
average weather conditions (wind speed = 4 m/s, 
atmospheric stability class D) for estimation of early doses, 
as recommended by the Fusion Safety Standards [lo], 
whereas a new DOE guidance [ll] now states that 
conservative weather conditions (wind speed = 1 m/s, 
atmospheric stability class F) are to be used to develop 
fusion facilities emergency planning. In this work, we have 
used the most recent guidance to analyze the radiological 
consequences of an accidental release of activated target 
material for the two suggested candidates. In order to 
assess if a protective action is needed, we have used the 
requirement of “no-public evacuation” criteria of 10 mSv 
(1 rem) per event, taken from Environmental Protection 
Agency (EPA) guidance [ 121. 

In order to compare our accident results to the safety 
criteria, we have calculated the early dose’ to the most 

’ Early dose is defined as the equivalent effective dose with 50 years 
commitment, resulting fkom the first 7 days of exposure during the plume 
passage. In addition to direct cloudshine and inhalation during plume 
passage, our doses also consider contributions from groundshine, and 
inhalation of resuspended material. 

exposed individual (MEI) at the site boundary (1 km). 
Dose conversion factors (DCFs) have been calculated for 
all radionuclides of interest using the MACCS2 accident 
consequences code [13, 141. Results show that in order to 
remain below the 10 mSv limit, the mercury mass released 
must be limited to 4.2 kg. From the target fabrication 
facility perspective, this is roughly equivalent to 100% 
release of a 1-hr supply of targets. Optimization of the 
number of canisters (assuming failure of each canister does 
not affect the others) and the expansion tank volume (to 
reduce the release fraction) would maintain the accident 
dose well below this limit. As for the coolant loop (which 
would contain only 0.17 kg of Hg assuming a distillation 
rate of 10000 I/s [3]) accidental releases would be small 
enough that the resulting doses form Hg would be 
insignificant. 

In the case of Pb, a release of 20 kg would produce a 
site-boundary dose of 10 mSv under conservative weather 
conditions. This is equivalent to 100% release of a 4.5-hrs 
supply of target material from the fabrication facility. 
However, the primary coolant loop contains a steady state 
Pb inventory of 1700 kg (assuming centrifugation for the 
separation technology at a process rate of 1 Us) [3], and 
thus, release of the Pb contained within only -1% of the 
coolant would exceed the 20 kg value and produce a dose 
in excess of 10 mSv. 

It is‘ worth noting that the power plant and the target 
fabrication plant would be different facilities, so that 
regulations regarding the safety of hazardous materials 
would be also different depending on the inventories to be 
handled in each facility. Whereas Hg seems to pose a 
greater hazard for radiological safety in the target 
fabrication facility, the quantity of Pb contained within the 
primary coolant poses a greater risk in the power plant 
itself. We wish to stress that we are only comparing 
allowed released fractions for the two materials, without 
analyzing the mobilization mechanisms that would result 
in such releases. However, it is expected that under 
accident conditions the mobilization fraction of Hg would 
be much higher than that of Pb due to its higher volatility 
(see vapor pressure curves from Figure 1 [ 151). 

111. HG AND PB CHEMICAL EXPOSURES 

Both of the potential target materials considered in this 
work are highly toxic substances. It is known that 
exposures to mercury or lead cause a variety of effects at 
low dose levels. A detailed description of these effects can 
be found in the literature [16-191. Exposure limits to 
mercury and lead for the public are given in Table I. 
Mercury and lead do not have an American Industrial 
Hygiene Association (AIHA) Emergency Response 



Planning Guideline (ERPG) for public exposure to 
airborne releases. The U.S. DOE has adopted Temporary 
Emergency Exposure Limits (TEELs) for hazardous 
chemicals that do not yet have ERPGs established [20]. 
The TEELs are chemical concentration values that should 
protect the public from adverse effects of exposure. TEEL- 
0 is the threshold below which most people will not 
experience any risk of health effects. TEEL-1 is the 
maximum airborne concentration below which nearly all 
individuals could be exposed for up to an hour without 
experiencing more than mild, transient health effects. 
TEEL-2 is the maximum airborne concentration below 
which nearly all individuals could be exposed for up to an 
hour without experiencing or developing irreversible or 
other serious health effects, or symptoms that could impair 
an individual’s ability to take protective action. Finally, 
TEEL-3 is the maximum airborne concentration below 
which nearly all individuals could be exposed for up to an 
hour without experiencing or developing life-threatening 
health effects. It is recommended that, for application of 
TEELs, the concentration at the receptor point of interest 
be calculated as the peak 15-minute time-weighted average 
concentration [2l]. 

V. CHEMICAL TOXICITY ASSESSMENT 

Currently, there is no DOE headquarters guidance on 
public exposure levels to toxic chemicals released at DOE 
facilities. Several DOE field offices have set up guidelines 
for limiting public exposures - for example, DOE Order 
420.D, from the Idaho Operations Office, provides 
guidance on public exposure limits for safety analysis [22]. 
In general, these risk evaluation guideline documents all 
indicate that one should remain below ERPG-2 or 
equivalent (Le., TEEL-2) at the site boundary for 
extremely‘unlikely events. Also, work presented in this 
conference by Cadwallader [23], suggests that exposures of 
fusion designs need to adopt an upper bound release limit 
of TEEL-2 for any chemical in the facility as an approach 
to ensure public safety. Therefore, in this study we have 
adopted the TEEL-2 as the criteria at which protective 
actions will be taken. 

We have used standard dispersion equations for a 
continuous release of vapors to the environment to rapidly 
calculate the quantity of material for the chemicals selected 
that would be “acceptable” in case of an accidental release. 
The process to develop quantities of material basically 
involves back calculating from the standard dispersion 
equation using the concentration at the point of interest to 
yield the amount of material released. The standard 
dispersion equation is long and cumbersome to work with; 
however, if one is interested only in a ground-level release 
and in obtaining concentrations along the plume centerline, 

the standard equation becomes more manageable. Based on 
Turner’s workbook [24], the concentration downwind of a 
release is given by: 

C = Q / (~CGYGZU) 

where 
‘C = air borne concentration, g/m3 
Q = rate of release into the air, g/s 
oy, a z  = dispersion deviation, horizontal (y), and 
vertical (z), m 
u =wind speed, m / s  

In working this simplified dispersion equation with a 
pre-established concentration limit, one can solve for the 
limiting rate of release into the air. The airborne 
concentration in the above equation is set as the maximum 
concentration allowable before protective actions must be 
taken. We have used Pasquill’s set of curves for the 
various atmospheric stability classes to calculate a, and a, 
[25]. As recommended by the DOE Emergency 
Management Plan [l l] ,  a 1 km site boundary, F stability 
class and a windspeed of 1 m/s have been assumed. 

In the case of Hg, we calculate that a release of 160 
mg/s would reach the value specified by TEEL-2 (0.1 
mg/m3). For Pb, the smaller value of TEEL-2 (0.05 mg/m3 
assuming conservatively that it is released as an oxide) 
would limit the allowed release rate to 80 mg/s. In order to 
assess the feasibility of such release rates to the 
atmosphere, we have compared the volatility of each 
material under the accidental conditions. Mercury is a very 
volatile metal, which is a liquid at standard temperature 
and pressure. In the event of a mercury spill at 20 “C, the 
evaporation rate from the surface of the liquid would be 
1.6.10” g/s.cm2 [26]. Considering that a release rate of 160 
mg/s would result in the maximum allowed Hg 
concentration in air, it has been estimated that the mercury 
evaporated from a spill with a radius of 18 m would exceed 
the limits for public protection. In the case of lead, an 
accident at room temperature would not have significant 
consequences given that the material would be in a solid 
phase. In order to have a realistic scenario for a liquid spill, 
we will assume that the accident occurs at 650 “Cy which is 
the actual temperature of the coolant in the HYLIFE-I1 
design. In this case, we have obtained an evaporation rate 
of 5.4.10-’ g/scm2 [27], which means that a relatively 
small spill (- 0.15 m2) of liquid lead would reach the 
tolerable limits for public protection. It must be noticed 
that we are not assuming any variation in the temperature 
of the lead once the accident begins. In a real scenario, it is 
expected that the liquid released (coolant containing target 
material) would deposit on colder surfaces, and then the 



evaporation rate would decrease due to the heat transfer 
from the hot spill to the cooler structures. 

Finally, we have performed dispersion calculations in 
order to give a direct comparison between the radiological 
and toxicological hazards of Hg and Pb. Thus, the 
HOTSPOT code for atmospheric dispersion simulations 
[28] has been run to analyze the consequences of a direct 
release of the mass inventories determined in Section I1 for 
the radiological safety assessment. We have simulated an 
instantaneous release of 4.2 kg of Hg gas and 20 kg of Pb 
gas (1 m / s  windspeed, F stability class) and have calculated 
the concentrations at 1 km from the release point. We have 
estimated values at the receptor point of interest calculating 
the peak fifteen-minute time-weighted average 
concentration, as recommended in Ref. 20. Results show a 
concentration of 0.3 mg/m3 in the case of Hg and 1.2 
mg/m3 for the Pb release. Comparing these results with the 
TEEL-2 values for public exposure (0.1 mg/m3 for Hg and 
0.05 mg/m3 for Pb) one can conclude that the chemical 
safety criteria are more restrictive than their radioactive 
safety requirements when assessing public protection from 
potential gaseous releases of activated mercury and lead. 

VI. CONCLUSIONS 

In order to select the high-Z material for IFE targets, 
one has to account for a series of different factors, 
including economics, fabrication technologies, 
compatibility with the rest of materials, extraction, and 
safety and environmental issues. Lately, several studies 
have pointed to mercury and lead as potential materials 
rather than the gold-gadolinium cocktail used in laboratory 
experiments. 

From the S&E perspective, one should consider two 
different kinds of hazards when assessing the advantages 
of one material versus the other: radioactivity of activated 
materials and chemical toxicity. From the accident analysis 
perspective, one must distinguish between accidents at the 
target fabrication facility and accidents in other areas of the 
power plant. Regarding accidents at the target fabrication 
facility, Hg is the most hazardous when estimating 
radioactive doses to the public. However, segregation of 
the inventory in the plant and optimization of plant layout 
should make the 10 mSv limit goal achievable. On the 
other hand, in case of accidents involving the power plant 
primary coolant loop, Pb seems to pose a greater 
radiological hazard due to its higher inventory suspended 
in the coolant flow. 

Finally, we have performed an assessment of the chemical 
toxicity of mercury and lead. Results show that from the 
chemical safety point of view, the concentration limits are 

similar enough that neither material is an obvious 
candidate. Release rates of the order of a hundred of mg/s 
would reach the TEEL-2 concentration limit at the site 
boundary for Hg and Pb assuming that they were released 
in gheous form. However, the feasibility of such a release 
must be assessed considering the volatility of the materials. 
The high volatility of Hg suggests that it may be a more 
hazardous option, given its high saturation concentration in 
air at normal temperatures. Also, we have used the 
HOTSPOT code to estimate time-averaged peak 
concentrations that would result if releasing the "allowed" 
release rates obtained from the radiological safety criterion. 
A new and interesting finding is that concentrations that 
would lead to an acceptable radiological dose would 
exceed the chemical safety requirements. The results from 
this work demonstrate that whereas radiological hazards 
dominate the risks of fusion facilities, chemical hazards 
must also be considered to provide a complete safety 
assessment for IFE power plants. 
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Figure 1. Vapor pressure as a function of temperature for mercury and lead. 
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Table I. Public chemical exposure concentration limits for Hg and Pb in mg/m3 in air 


